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ABSTRACT 

This  report  describes  the  technique 
for  performing  a  pitot  tube  rake  calibra¬ 
tion  and  presents  the  results  of  the 
calibration  of  Rake  4.  Brief  descrip¬ 
tions  of  the  experimental  apparatus  and 
procedures  are  included.  Results  of  the 
calibration  of  Rake  4  have  been  used  for 
the  wake  survey  experiment  on  the  model 
of  the  ARS-50.  Calibration  coefficients 
for  Rake  4  are  documented  in  this  report. 

ADMINISTRATIVE  INFORMATION 

This  work  was  authorized  by  the  Naval  Sea  Systems  Command  (NAVSEA)  by  Work 
Request  Number  N00024-82.  The  David  Taylor  Naval  Ship  R&D  Center  (DTNSRDC)  Work 
Unit  Number  was  1521-730. 

INTRODUCTION 

The  David  Taylor  Naval  Ship  R&D  Center  (DTNSRDC)  conducts  wake  surveys  on 
models  of  surface  ships  and  submarines  on  the  towing  carriages.  The  device  used 
to  measure  the  velocity  field  in  way  of  the  propeller  disc  of  the  model  is 
called  a  pitot  tube  rake  and  is  made  up  of  several  five-hole  pitot  tubes.  The 
rake  must  be  calibrated  in  open  water  before  a  wake  survey  experiment. 

This  report  describes  the  complete  rake  calibration  process  including  the 
apparatus,  technique  and  computations  and  can  be  used  as  a  reference  for  any 
future  rake  calibrations.  The  apparatus  includes  the  rake  calibration  rig.  the 
pressure  transducers,  the  instrumentation,  and  the  mini-computer  used  to  collect 
the  data.  The  experimental  technique  to  calibrate  rakes  includes  the  alignment 
of  the  rake,  the  pressure  gage  procedures,  and  the  data  collection  procedure. 

The  computational  procedures  used  to  obtain  the  results  from  rake  calibrations 
are  found  in  the  two  appendixes.  Appendix  A  gives  the  procedure  for  deriving 
velocity  component  ratios  from  pressure  measurements.  Appendix  B  gives  the 
equations  for  the  calibration  constants. 

This  report  also  gives  the'  description  of  Rake  4  and  the  results  of  the 
Rake  4  calibration.  Rake  4  was  built  primarily  for  the  wake  survey  experiment 
on  the  model  for  the  ARS-50.  These  results  are  presented  as  calibration  curves 
for  the  pitot  tubes  in  Figures  7  through  14.  The  coefficients  for  these  curves 
are  presented  in  Table  1 . 
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DESCRIPTION  OF  RAKE  4 

Rake  4,  shown  in  Figure  1.  was  built  for  use  on  the  wake  survey  of  the 
ARS-50.  The  rake  had  to  be  small  because  of  the  ducted  propeller  on  the  ARS-50. 
The  four  pitot  tubes  have  hemispherical  ends,  each  with  five  holes.  Figure  2 
shows  the  schematic  of  the  five-hole  pitot  tube.  The  tubes  are  numbered  one 
through  four  with  tube  one  having  the  most  inner  radius.  The  odd  tubes  are  on 
one  side  of  the  rake  and  the  even  tubes  are  on  the  other.  The  radii  for  the 
four  tubes  are  1.851  in.  (47.02  ran),  2.426  in.  (61.62  mm).  3.014  in.  (76.55  mm), 
and  3.563  in.  (90.5  mm). 

EXPERIMENTAL  APPARATUS 

The  rake  calibration  rig  is  the  essential  apparatus  needed  to  calibrate  a 
rake.  Rake  4  is  attached  to  the  calibration  equipment  in  Figure  3.  This  rig 
allows  calibrations  in  the  radial  and  tangential  directions.  The  calibration  is 
usually  performed  on  Carriage  I  or  Carriage  II.  The  Rake  4  calibration  was  per¬ 
formed  on  Carriage  II.  Normally,  the  rake  is  calibrated  in  one  plane,  holding 
the  other  plane  at  0°  to  the  flow.  There  are  graduated  scales  for  both  direc¬ 
tions  from  -30°  to  +30°  in  1°  increments.  The  angle  is  changed  by  manually 
turning  a  wheel,  but  stepping  motors  and  potentiometers  have  been  added  to  the 
rig  to  improve  the  efficiency  of  the  rake  calibration.  The  stepping  motors 
mechanically  change  the  angle  and  the  output  from  the  potentiometers  give  the 
angle  readings.  These. two  additions  to  the  calibration  rig  were  added  to  set 
the  angle,  but  not  to  be  collected  bv  the  computer.  During  the  Rake  4  calibra¬ 
tion,  both  methods  were  used. 

The  rake  calibration  requires  measuring  the  angle  of  the  rake,  the  velocity 
of  the  towing  carriage,  and  the  pressures  on  the  pitot  tubes.  The  angle  is 
determined  by  visually  looking  at  the  graduated  scale  and  manually  inputting  the 
angle  into  the  computer.  The  velocity  of  the  carriage  is  measured  and 
controlled  hv  using  a  zero  velocity  pick  up  which  provides  a  five  volt  square 
output  pulse.  For  example,  on  Carriage  II,  there  are  100  pulses/foot  which  per¬ 
mits  regulations  of  carriage  speed  within  a  hundredth  of  a  knot.  These  pulses 
are  counted  on  an  electronic  counter  controlled  bv  the  computer  on  the  carriage. 
The  pressure  data  are  measured  bv  using  four  Sensotec  strain  gage  differential 
pressure  transducers  on  a  tube.  The  center  hole  (C)  is  connected  to  one  side  of 
all  four  pressure  gages,  then  the  other  side  of  each  rage  is  connected  to 
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either  R1 ,  R2,  T1  or  T2.  There  are  two  sets  of  gages  available;  therefore, 
data  can  be  collected  from  two  tubes  at  the  same  time.  A  description  of  the  use 

and  calibration  of  five-hole  pitot  tubes  Is  given  In  Hadler  and  Cheng 1 ,  Hale  and 

Norris^,  and  Pien^.  A  block  diagram  of  the  instrumentation  used  with  the 

pressure  gages  on  the  Rake  4  calibration  is  shown  In  Figure  4. 

Data  from  the  Rake  4  calibration  were  collected  with  a  Model  70 
Perkln-Elmer  Mini-Computer.  Figure  5  shows  a  diagram  of  the  computer  and  its 
peripheral  devices. 

EXPERIMENTAL  PROCEDURE 

Alignment  of  the  rake  on  the  rig  is  critical.  The  radial  differential 
pressures  (R1  and  R2)  should  be  equal  to  each  other  and  so  should  the  tangential 
(T1  and  T2)  when  the  pitot  tube  is  exactly  aligned  with  the  flow.  If  this  Is 
not  the  case,  the  physical  zero  will  be  shifted.  This  physical  zero  Is  the  zero 
when  the  flow  is  exactly  the  same  on  each  side  of  the  Center  hole.  The  pitot 
tubes  on  Rake  4  are  not  exactly  parallel  to  each  other;  therefore,  when  the  rake 
was  aligned  on  the  rig  each  tube  was  not  exactly  aligned  with  the  flow.  This 
misalignment  caused  a  different  zero  shift  with  each  pitot  tube.  These  zero 
shifts  can  be  seen  in  Figures  7-14. 

The  pressure  gage  system  must  he  properly  connected  as  shown  In  Figure  6. 
The  valves  are  color  coded  to  simplify  bleeding,  pressure  gage  calibration  and 
experimental  set  up  conditions.  During  the  final  bleeding  process,  the  pressure 
gage  system  Is  attached  to  the  rake  allowing  water  to  flow  throughout  the 
entire  system.  After  switching  the  valves  to  the  experimental  condition,  the 
experiment  is  ready  to  begin. 

Collection  of  data  for  rake  calibration  is  run  at  only  one  speed  of  the 
towing  carriage.  With  Rake  4,  the  data  were  collected  at  b  knots  (3.09  m/s)  on 
two  tubes  at  a  time,  between  _+  30°  at  3°  Increments.  Once  the  physical  zero  was 
established,  data  points  were  collected  In  1°  increments  around  zero,  to  better 
define  the  zero  crossing.  The  measurements  for  each  data  point  were  taken  and 
averaged  over  a  period  of  five  seconds.  Measurements  were  also  collected  at 
duplicate  angles  to  assure  repeatability  and  accuracy.  The  pressure  gage  system 
can  measure  to  within  plus  or  minus  two  hundredths  of  an  inch  of  water  pressure 
(3  pascal). 

I  References  are  listed  on  Page  b. 
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PRESENTATION  OF  RESULTS 


Results  of  the  Rake  4  calibration  are  presented  in  graphical  form  as  a 
function  of  angle  of  inclination  at  one  speed.  The  calibration  curves  consist 
of  from  23  to  32  data  points  collected  for  each  of  the  four  pitot  tubes  in  each 
of  the  two  planes.  Each  data  point  on  a  curve  consists  of  the  value  for  the 
differential  pressure  ratio  from  which  flow  directions  and  magnitudes  can  be 
calculated  for  both  the  tangential  and  radial  components.  Appendix  A  presents 
the  procedure  for  deriving  velocity  component  ratios  from  pressure  measurements. 

The  wake  survey  computer  program  requires  the  rake  calibration  to  be  in  the 
form  of  coefficients  created  from  the  data  points  of  each  pitot  tube.  For  this 
rake  calibration,  the  coefficients  were  generated  from  the  experimental  data  in 
the  program  POLYFIT.  Appendix  B  explains  the  quantities  which  the  coefficients 
represent  on  each  of  the  Figures  7  through  14.  POLYFIT  fairs  a  curve  through 
the  data  points  by  polynomial  least  squares.  Using  a  fourth  degree  polynomial, 
the  graphing  program  generated  80  intermediate  points. 

Figures  7  through  14  present  the  calibration  curves  for  all  pitot  tubes  on 
Rake  4  in  the  radial  and  tangential  planes.  The  listing  of  coefficients  for  all 
the  tubes  are  presented  in  Table  1  ready  for  input  for  a  wake  survey  experiment. 

DISCUSSION  OF  RESULTS 

The  Rake  4  calibration  curves  have  the  general  shape  of  the  previous 
calibration  curves  of  other  rakes,  but  with  some  different  trends.  Comparing 
the  data  is  difficult  because  the  tubes  of  Rake  4  are  about  one-quarter  the 
length  of  the  tubes  of  Rakes  6,  7  and  8.  Rakes  6,  7  and  8  have  spherical  pitot 
tubes  and  Rake  4  has  hemi-spherical  pitot  tubes.  Previous  rakes  were  built  to 
closer  tolerances  than  Rake  4. 

As  shown  in  Figures  7  through  14^  the  physical  zero  was  not  close  to  the 
assumed  zero  position.  The  zeroes  of  the  radial  plane  for  all  four  tubes  were 
shifted  to  the  positive  direction  by  as  much  as  7°,  i.e.,  the  tubes  were 
pointing  away  from  the  centerline  of  the  rake.  The  figures  for  the  tangential 
plane  show  that  Tubes  1  and  3  were  on  the  positive  side  by  as  much  as  2°,  and 
Tubes  2  and  4  were  on  the  negative  side  by  as  much  as  2°,  all  four  tubes  were 
pointing  down.  The  nomenclature  for  positive  and  negative  directions  Is  shown 
in  Figure  3. 
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SUMMARY  AND  RECOMMENDATIONS 

Rake  4  was  calibrated  for  use  with  the  ARS-50  Wake  Survey  Experiment.  This 
report  briefly  describes  the  r.-ke  calibration  equipment  and  the  rake  calibration 
procedure.  Results  of  Rake  4  calibration  are  presented  in  graphical  form  with 
coefficients  of  each  curve. 

Before  these  data  were  collected,  there  was  some  discussion  about  bending 
the  tubes  to  get  a  better  alignment.  Due  to  scheduling  and  time  constraints, 
this  was  not  done  for  fear  of  breaking  the  tubes  off  the  rake.  Prior  to  further 
experiments,  it  is  recommended  that  this  rake  be  reconstructed  and  recalibrated. 
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Figure  14  -  Calibration  of  Tube  4  in  Radial  Plane 
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APPENDIX  A 

PROCEDURE  FOR  DERIVING  VELOCITY  COMPONENT 
RATIOS  FROM  PRESSURE  MEASUREMENTS 
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Column  Identification 


1  C-Tl 

2  C-T2 

3  T2-T1 

4  2C-T2-T1 

T2-T1 

5  2C-T2-T1 

6  fivt 


C-Tl 


8 


C-T2 


9 


10  VLT 


cos 


Derivation 


Pressure  at  hole  C  minus  pressure  at  hole 
Tl,  converted  to  inches  of  water  pressure. 

Pressure  at  hole  C  minus  pressure  at  hole 
T2,  converted  to  inches  of  water  pressure. 

-  (C-Tl)  -  (C-T2)  »  Col.  1  -  Col.  2 

■  (C-Tl)  +  (C-T2)  -  Col.  1  +  Col.  2 

:  ifeS}  - co1-  3  /  ooi.u 

Angle  of  water  flow  In  the  LT  plane.  Read 

*pp_nn 

*  from  calibration  curve  at  value  of  2C-T2-'fi 

in  Col.  5.  If  the  value  of  Col.  5  Is  negative, 

T1-T2 

read  the  curve  labeled  2c-Ti-T2~  * 

Read  from  calibration  curve  at  value  of 

In  Col.  6,  if  the  value  of  Col.  5  is  positive. 
Otherwise,  omit. 

Read  from  calibration  curve  at  value  of  /3^ 

In  Col.  6,  if  the  value  of  Col.  5  Is  negative. 
Otherwise,  omit. 

*  C-Tl  =  Col.  1  /  Col.  7 

fC-Tl)/(YLT2) 

if  Col.  5  is  positive,,  or 

*  C-T2  *=  Col.  2  /  Col.  8 

(C-T2)/(Vlt2) ' 

if  Col.  5  is  negative. 

Component  of  the  water  velocity  in  the  LT  plane. 

=  -J  V  2  *=  square  root  of  Col.  9* 

I  LT 

=  cos  of  angle  in  Col.  6. 


Column 

Identification 

Derivation 

12 

stB/5,i 

• 

«  sin  of  angle  in  Col.  6. 

13 

\ 

Longitudinal  component  of  the  water  velocity 
derived  from  V^. 

B  VLT  x  cos  =  Col.  10  x  Col.  11. 

14 

Ti 

Tangent isJ.  component  of  the  water  velocity. 

=  VLT  x  sin^LT  ■  Col.  10  x  Col.  12. 

15 

C-Rl 

Pressure  at  hole  C  minus  pressure  at  hole  Rl, 
converted  to  inches  of  water  pressure. 

16 

C-R2 

Pressure  at  hole  C  minus  pressure  at  hole  R2, 
converted  to  inches  of  water  pressure. 

IT 

R2-R1 

m  (C-Rl)  -  (C-T12)  =  Col.  15  -  Col.  l£ 

18 

2C-R2-R1 

-  (C-Rl)  +  (C-R2)  -  Col.  15  +  Col.  16 

19 

R2-R1 

2C-R2-R1 

-  ' Ooi;  17  /  Co1- 18 

20 


21 


22 


23 


Alr 


C-Rl 


C-R2 


Angle  of  water  flow  in  the  LR  plane.  Read  from 

R2-R1 

calibration  curve  at  value  of  2C-R2-R1  1x1  Col‘ 
19.  If  the  value  of  Col.  19  is  negative,  read 


the  curve  labeled 


R1-R2 

2C-R1-R2 


Read  from  calibration  curve  at  value  of 

in  Col.  20,  if  the  value  of  Col.  19  is  positive 
Otherwise,  omit. 

Read  from  calibration  curve  at  value  of 

in  Col.  20,  if  the  value  of  Col.  19  is  negative 
Otherwise,  omit. 

-  " Co1- 15  > Co1- 21 

if  Col.  19  is  positive,  or 

=  Col.  16  /  Col.  22 

if  Col.  19  is  negative. 


C-R2 


25 


Column  Identification 


Derivation 


2b  Conponent  of  the  water  velocity  la  the  LR  plane 


■  square  root  of  Col.  23. 

25 

C°‘A& 

■  cos  of  angle  in  Col.  20. 

26 

,lnAa 

*  sin  of  angle  in  Col.  20. 

27 

% 

Longitudinal  component  of  the  water  velocity 
derived  from  V^. 

“  VLR  X  cos/Sr  “  Co1*  2 x  Co1*  25 * 

28 

th 

Radial  component  of  the  water  velocity. 

»  x  sin  ■»  Col  24  x  Col.  26. 

29 

V 

Model  speed  in  ft/sec. 

30 

Vx/V 

Longitudinal  component  of  the  water  velocity 
expressed  as  a  ratio  of  ship  speed. 

-  1/2  (V^  +  V^)  /  V 

-  (Col.  13  +  Col.  27)  /  (2  x  Col.  29) 

31 

Vv 

Tangential  component  of  the  water  velocity 
expressed  as  a  ratio  of  ship  speed. 

=  Col.  lb  /  Col.  29 

32 

V7 

Radial  component  of  the  water  velocity 
expressed  as  a  ratio  of  ship  speed. 

=  Col.  28  /  Col.  29 
1b  positive  In  the  aft  direction. 

V^/V  is  positive  In  the  counterclockvd.se  direction. 

Y _/V  la  positive  toward  the  shaft  centerline. 

A 

r/R  and  0  are  the  polar  coordinates  of  the  point  in  the  TR  plane  at 
which  the  wake  is  treasured,  r  is  the  radial  distance  of  the  point  from  the 
centerline  of  the  propeller  shaft j  R  is  the  design  propeller  radius.  9  is 
the  position  angle  measured  from  the  top  of  the  propeller  disc  in  a  counter 
clockwise  direction. 
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APPENDIX  B 

CALIBRATION  CONSTANTS 
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FORM  OF  CALIBRATION  EQUATION 


2 

Y  =  A]  +  A2X  +  A3X  +  A4X 

3  4 

+  a5x 

CALIBRATION  CURVE  LABELS 

FOR  THE  HORIZONTAL/TANGENTIAL 

PLANE 

Curve  Number 

X 

Y 

1 

T2  -  T1 

B 

2C  -  T2  -  T1 

2 

B 

C  -  T, 
V2 

3 

VT? 

B 

2C  -  T1  -  T2 

4 

B 

c  -  t2 

CALIBRATION  CURVE  LABELS 

FOR  THE  VERTICAL/RADIAL  PLANE 

Curve  Number 

X 

Y 

5 

R2  "  R1 

B 

2C  -  R2  -  R] 

6 

B 

C  -  R1 
V2 

7 

R]  -  R2 

e 

2C  -  R  -  R2 

8 

6 

c  -  r2 

30 


DTNSRDC  ISSUES  THREE  TYPES  OF  REPORTS 


1.  DTNSRDC  REPORTS.  A  FORMAL  SERIES.  CONTAIN  INFORMATION  OF  PERMANENT  TECH 
NICAL  VALUE.  THEY  CARRY  A  CONSECUTIVE  NUMERICAL  IDENTIFICATION  REGARDLESS  OF 
THEIR  CLASSIFICATION  OR  THE  ORIGINATING  DEPARTMENT. 

2.  DEPARTMENTAL  REPORTS,  A  SEMIFORMAL  SERIES,  CONTAIN  INFORMATION  OF  A  PRELIM 
INARY,  TEMPORARY.  OR  PROPRIETARY  NATURE  OR  OF  LIMITED  INTEREST  OR  SIGNIFICANCE. 
THEY  CARRY  A  DEPARTMENTAL  ALPHANUMERICAL  IDENTIFICATION. 

3.  TECHNICAL  MEMORANDA.  AN  INFORMAL  SERIES.  CONTAIN  TECHNICAL  DOCUMENTATION 
OF  LIMITED  USE  AND  INTEREST.  THEY  ARE  PRIMARILY  WORKING  PAPERS  INTENDED  FOR  IN 
TERNAL  USE.  THEY  CARRY  AN  IDENTIFYING  NUMBER  WHICH  INDICATES  THEIR  TYPE  AND  THE 
NUMERICAL  CODE  OF  THE  ORIGINATING  DEPARTMENT.  ANY  DISTRIBUTION  OUTSIDE  DTNSRDC 
MUST  BE  APPROVED  BY  THE  HEAD  OF  THE  ORIGINATING  DEPARTMENT  ON  A  CASE-BY-CASE 
BASIS. 
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